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ABSTRACT: The aim of the present paper is to investigate the effects a phase transition to a quark-
glnon piasma. During the phase transition a large portion of the initial kinetic energy is invested in the
Intent heat. At late expansion stages we gain back this energy as random thermal motion and not as directed
“\ertive low In the framewnrk of & three dimensional relativistic luid dynamical model the sensitivity ~f
4 Va. dy, and < p*’a > on the equation of state are pointed out.

Flnid dynamival calculations have been performed for high energy nuclear collisions already (11. How-
over. il three-dimensional calculations so far have included an equation of state {EOS) without any phase
tennsition whatsoever. The phase transition in baryon-rich matter has been considered ounly in one - dimen-
«1onal calculations up to now. Thus a clear prediction of the type of fluid-dynamical flow signal does not
renlly exist so far  All "predictions” are based on essentially one-dimensional calculations. The essence of
these predictions is that the transverse flow should decrease in the presence of a phase transition in s given
wnergy region. This is due to the fact that the pressure is strongly decreased by the deconfinement phase
transition 1n the mixed phase region.

In all Auid dynamical calculations the EOS-s is the basic input about the matter properties. The first
phennmenological equations of states were constructed (2-5| by using & very simple form for the nuclear
anatic.a of state. The energy density E in terms of density n and temperature T was parametised as a
anm of the nucleon rest mass, the binding energy, the compressional energy Ecomp. and the thermal energy
Aeacrihed as that of a Boltsmar n ideal gas. At high temperatures pion gas should also be taken into account
For the QGP phase i1n seroth seder of perturbation theory the pressure p in terms of T and bag constant
1 1s given by the MIT bag model Equation of State. Having defined both the Hadronic and QCD plasma
~pumtton of state, one can create a complete EOS by a Maxwell construction, containing puze phases and a
reginn where the above two phases coexist.

For our numerical luid dynamical study ~ve have selected one EOS for which we tabulated the pressure
na a function nof the baryon density and energy density. The selected equation of state has u firs’ order
phase transition, Fig. 1 Thete are relativel; few calculations yet describing the baryon rich matter in the
ultearelativiatic energy regioz (2,3,6-9]. Three dimensional calculations (1) did not consider a phase transition
o QCD plasma in the EOS. One - dimensional calculations have yielded some interesting results arising
frvm the phase transition. The threshold to reach the mi.ied phase lies around 4 - 5GeV/nucleon laboratory
leam entergy, if we assuine complete stopping. Already around 10 - 15GeV'/nuclieon one might reach the
pure QGP phase Of course transparency and sidewards flow might push these thresholds somewhat higher,
it these threshold values are very promising in any case

Muring the luid dynamical eslculation in the one luid model we always calculate the baryon density
the momentum vector M' = T™ and the energy density £ = T? These quantities are not Lorents invariant
«ninre, hut they are nbtained as one could nhaerve them 1n the frame of the calculatinn {which is usuaily the
auclenn.nuelenn ne the nucleng - nucleus + m frame)l The barvon density NV is actually the 0'th compnnent
V' of the baryon rureent (rue vector V4 During the calculation at every timestsp we find the local teat
tenme of every Auid cell and also evaluste the invariany scular baryon density n and energy density »+ n
P "N, e =UMT, "' Then by using the EOS we can find the local pressure p, temperature T rtc In odee
oo aeenint for both the collective fluid-dynamical motion and for the random thermai mntion of the nurlenns
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< have to cansider the thermal baryon distribution [neally 1n averv luid cell and boost 1t by the velnrity
A4 the refl  The local barvon distribution is not ceallv known, unfortunately, so we have to make simphifving
wsimptions We assume that the local barvan momentum distnbution is a Juttner distribution frz. pr This
means that we assume an ideal gas momentum distribution for the baryons. Consequently thisapproximatinn
r« vdequate only at the freeze-nut stage of the reaction where the interactions among the fragments are weak

Pressure
Sierk-Nix

2

Fig. 1 The Equation of State of the Quark - Gluon Plasma, Hadronic Matter and Mixed phase
' alculated phenomennlogically. The pressure is plotted vertically in MeV'/ fm? units »erous the barynu

‘hutge density N and the rest energy density €. The Hadronic matter EOS is taken from a psrametrises.

tion given by Sierk and Nix, The QGP is given by the MIT.bag mo el EOS and the mixed phase is
‘alenlated from the (iibbe relations.

For qualitative orientation, however, we evaluated the rapidity distribution at intermediate stages of the
senction also [bllowing the same method The total baryon numbet in a fluid cell is un invariant scalar:

Nt /,r’z.'v"m - /d“r/d’p flz.p)

Hothe coll fonr veloeity 1o 1'% - a1 3 0, ) then Vo = Vemgsy, N = ny , and Vi n is the local rest frame
(1) volume of the flutd cell, which 1s an invariant scalar  We can split up the second integral by whserving
thnt .l’r

dpyd?p,  p"dy dlp,  Thua the rontribution of a fluid cell to the Anal baryon chatge distribution



dNVgeens in a 1
- =V — = Vouy — dp —pAl fi . pl
dy u 1y u dy/ p pol’“ wfltz.p

Iefoeming the integral in an appropriate refer=nce frame vields:

ANgeet Vet YN i
! - expl =) 2xTm? i1
1y f2enys XL emimiile

"expi~-h'm, ).

h +
thm,) (h'm )3

whete A" = y'[ch(y) ~ 3y oh(y)}/T, and ¥’ = 1, Vﬂl - 31 Integrating this over the rapidity y yields the total

harvon number in the fuid cell. The final rapidity distribution of the baryon charge is then obtained by
~umming up the contributions from all the fluid cells:

dNpg e dNgeant
dy < dy

cell

F'his distribution is that of the net baryon charge only Baryon pairs created during the collision are not
inelnded. The calculated dNg/dy functions fcr & symmetric Ca + Ca teaction at 14.5GeV /nucleon beam
“nergy are shown in Fig. 2ab {ot Hadronic and QGP EOS-s.

[N, ] R i e e g r —— ag -

ne

N AN dy

I

ann - -
‘ !

Rapidity v Had Rapidity y QCD

Fig. 2 The net baryon charge rapidity distribution 1/N dNg/dy trom o preliminary calculation in
the relativistic 3 - dimensional one - Auid dynainicel model using the PIC method {1b]. The teaction
in"a+ Ca, Ere. = 14.5GeV/nucleon, b = 0.3(Ry, + R +t). The three lines belong to different timeu
measured from the impact. Two different ECS.s were used without (a) and with (b) a phase transition

into QQP

I'he interesting feature that in both cases there is a double peak structure similar to the one one would
~vpeet from partial transparency.

T'he existence of the collective sidewards flow was predicted long time ago as the best signal of the com-
peeeqinn of nuclear matter in supersonic shock-waves [10-12)] We can evaluate the transverse low - p*/a -
i enlativistic finid ¢ namics. Since we know the reaction plane exactly the majorrty « f the romplications
v nonexistent tn a theoretical calculatton Under Lthe same assumptions that were nsed above we can cal-

alnte the contribution of a fluid cell to the transverse momentum projected tn the reaction plane (2, )
Vet Veatt [Ap p*ft2z.p) In the same way as for the baryon distribution then:
"p'.ﬂl

e Ve /d'mp"p'/(-.p)
ay
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Ilis -uanttty 13 not an tnvariant scalar therefore we are not allowed to evaluate it 1n an arbitrary frame
\iter a straightiotward ralculation we can arnive to the result which can be expandsd into a power series
1 hen the resulting snm can be integrated - ver p. . vielding the final result:

AP _ 2o Y’:g"” m e} 2k -2y
,_.d_;'_ = 2x chiyim Vr AV (ouon)::)—-z—.—h—i-( .’-l-) .’Hq(’"’” - l\.,’!hml
vhete h = y[chiy) - 3 shiy)}/T , dr is the azimuth angle of the fluid cell measured from the reactinn plane.

the ronstant A is given in terms of the baryon density and cell temperature 83 A = n/[4#m? K3(m, T)}, and
4 v, T. The sverage transverse momentum pet nucleon at a given rapidiiy y is given by

<p*ia>= et $Pu/dy }
Eull dNDull/dy
Tn the practical evaluation of < p® ‘a > we increased the temperature of the cells which were colder than
1541eV to 15MeV  This parily compensates for the neglected fluctuations and the underestimated zero
and low temperature momentum spread. The transverse momentum as measured by the maximum of the
p".a > distribution, decresses with increasing energy. This tendency was clearly observable alteady in the
lower energy data [13]. In Fig. 3ab the calculated < p*/a > rapidity distribation are shown with and without
qunrk-glaon phase transition under the same conditions as in Fig. 2. We see that the transverse momentum
rnerenses with time. In the case of phase transition it is smaller than in the case without phase transition by
ahout a factor of 2. This might serve as signature of QGP phase transition. Partial transparency, however,
lende to a decrease of the < p*/a > also
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Fig. 3 The net baryon charge transvers: moraentum distribution < p*/a > from s prelimirary
~aleulation for the same raaction as in Fig. 2. The three lines belong to different times measured (rom
the impect. Two different EOS.s were used without (a) and with (b) s phase transition into QUP. The
phase transition leads to an essential decresse of the transverse momentum proje: ted into the reaction

plane,

We algo caiculate the average transverse momentum < p,/a > which is the magnitude of tranvserse
preection of momentum  Similar to the case of < p® a >, we have

qp ., . ‘
ly R P /"zmp'm fle.p) =
B 1 Aed h
. . ¢ o m m
. 2‘!"h‘y)"“ull“\”‘?L"”ilbl L INN h—) !Kib—l(hm,+ i"h’ﬁk’.‘l‘hm”



Ihus the average p. per baryon:

S dp;cn“/’dy

—cell

<pL/a>=
et 4Vpeet/ dy

Summary: In the stopping energy region which is expected to include the phase transition threshn!d

“n= ~an make use of a phenomenolougical EOS if the matter is not too far from local thermal equilibrium
The nne-Auid dynamical model as one extreme, assuming local thermalisation, yields strong changes in the
Sow pattern. We expect a strong decrease in the ptojected net baryon transverse momentum < p®’a >

nm

to the phase transition. The rapidity distribution of the baryon charge shows two peaks according to

mre ralculations. This is very similar to the behaviour one wouid expect from strong transparency. This
indicates that caution is necessary when we draw conclusions about the stopping of nuclear matterin 4 + 4
~!listons.
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